Recent studies have shown increased expression of interferon (IFN)-regulated genes in the peripheral blood cells of patients with systemic lupus erythematosus. A similar interferon signature has been observed in affected muscle tissue from patients with dermatomyositis (DM), but it has not yet been determined if this signature extends to the peripheral blood in DM. We performed global gene expression profiling of peripheral blood cells from adult and juvenile DM patients and healthy controls. Several interesting groups of genes were differentially expressed in DM, including genes with immune function, and others that function in muscle or are involved in mitochondrial/oxidative phosphorylation. Investigation of type I IFN-regulated transcripts revealed a striking interferon signature present in most DM patients studied. Levels of type I IFN-regulated proteins were also elevated in DM serum samples. Furthermore, both the transcript and serum protein IFN signatures were associated with disease activity. These data suggest that the IFN signature may be a useful marker for DM disease activity, and that sampling peripheral blood may be a more practical alternative to muscle biopsy for measuring this signature.
INTRODUCTION
Juvenile and adult dermatomyositis (DM) are rare autoimmune diseases belonging to the group of idiopathic inflammatory myopathies (IIM), which are characterized by proximal muscle weakness and muscle inflammation. In cases of adult and juvenile DM, patients also present with a characteristic skin rash (1) . Juvenile dermatomyositis is the most common pediatric IIM. Although the cause of IIM is unknown, it is believed that a combination of genetic and environmental factors contribute to disease. Juvenile DM is known to be associated with the HLA class II region genes HLA-DQA1*0501, and polymorphisms in TNFα are associated with disease severity (2) . In both adult and juvenile DM, associations exist with DR3 (2, 3) . Current evidence suggests that the vasculature and perifascicular regions in muscle are targets for both humoral-and cellmediated autoimmunity. It has been proposed that viral infection is a trigger for initiation of juvenile DM (4) , but this has not yet been convincingly demonstrated.
Several studies have recently reported the results of gene expression profiling from muscle biopsies of patients with adult and juvenile DM (5) (6) (7) (8) (9) . The emerging data suggest that cells from affected muscle tissue carry distinct immune fingerprints which may be useful for monitoring disease status and may provide new targets for disease modifying agents. Two of these studies reported upregulation of genes related to antigen processing (7, 8) . Immunoglobulin transcripts, particularly those encoding Igλ light chains and IgG heavy chains, were also found at elevated levels in two separate studies (7, 9) .
Interestingly, interferon (IFN) pathway activation was observed in all reported studies and was largely specific to DM as opposed to other types of IIM (5, (7) (8) (9) . Greenberg et al. further documented the presence of an IFN-inducible protein, MxA, in muscle fibers and capillaries of DM patients (5) .
Recently, much attention has been focused on type I IFN for its potential role in the autoimmune disease systemic lupus erythematosus (SLE) (10, 11) . Peripheral blood cells from SLE patients exhibit a striking pattern of up-regulation of IFN-induced genes (12) (13) (14) . Approximately 50-75% of adult patients carry the IFN signature, and it is strongly correlated with disease activity and certain clinical manifestations of SLE, including anti-dsDNA antibodies and low complements (15, 16) . Interestingly, evidence for IFN pathway activation is also found in individual glomeruli isolated from the kidneys of patients with lupus nephritis (17) . Plasmacytoid dendritic cells (PDC), the primary producers of type I IFN, are recruited to inflamed lupus skin lesions (18, 19) and are also found in substantial numbers in affected adult and juvenile DM muscle tissue (5) . IFN signatures have also been observed in Sjögren's syndrome and psoriasis, but not in rheumatoid arthritis or multiple sclerosis (20) .
Although several interesting signatures have been reported in muscle tissue from adult and juvenile DM, it has not yet been determined whether these or other signatures are present in the blood. To address this, we examined global gene expression patterns in peripheral blood cells of DM patients and healthy controls using Affymetrix GeneChips. Several interesting groups of differentially expressed transcripts were observed in DM, including genes that function in muscle, and others involved in mitochondrial/oxidative phosphorylation and immune function. We also identified a prominent type I IFN gene and protein signature in most of the adult and juvenile DM patients studied, which correlated with disease activity. These data suggest that the IFN signature may serve as a marker for DM disease activity in adult and juvenile subjects, and that identification of the signature in peripheral blood samples is an alternative to the more invasive technique of muscle biopsy.
MATERIALS AND METHODS

Study Participants and Sample Collection
The study protocol was approved by the Human Subjects Institutional Review Boards at the University of Minnesota Medical School, the Mayo Clinic, and the Johns Hopkins School of Medicine, and informed consent was obtained from each participant. DM patients (n = 10) and JDM patients (n = 2) were evaluated in the Rheumatology Division at the Mayo Clinic in Rochester, MN and all met Bohan and Peter criteria for DM or JDM (21, 22) . Clinical data were collected for each patient, including duration of disease (average 23 ± 25 months, range 1-84 months), muscle biopsy (available for eight patients), and medications (11 patients on oral prednisone, average 20 ± 19 mg/day; three patients on hydroxychloroquine; eight patients on immunosuppressive therapy, including methotrexate, azathioprine, or mycophenolate mofetil). Standard clinical lab tests were also performed, in addition to measurement of autoantibodies and specific enzymes (creatine kinase, or CK; aldolase; aspartate aminotransferase, or AST; and alanine aminotransferase, or ALT). One patient exhibited unusually high levels of these enzymes; for purposes of analysis, these outlier values were truncated to a clinically relevant maximum (CK, 500 units/L; aldolase, 15 units/L; AST, 100 units/L; ALT, 75 units/L). Four patients had measurable autoantibodies (one positive for ANA; one positive for anti-Jo1; one positive for anti-SSA and anti-RNP; one positive for ANA, anti-SSA, and anti-Jo1). Current disease activity was evaluated using recently published measures (23, 24) , including the childhood myositis assessment scale (CMAS, used in the JDM patients), the (childhood) health assessment questionnaires (HAQ/ CHAQ), manual muscle testing, elevation of muscle enzymes, and the extramuscular activity measure. Disease activity was given a rating of 0-2 based on the combination of these measures.
Biological samples collected at each visit included RNA from whole blood (using the PAXgene system from Qiagen/ Becton-Dickinson), DNA, serum, plasma, and peripheral blood mononuclear cells (cryopreserved). The adult and pediatric DM patient group was 91% Caucasian and 73% female, with an average age of 43 ± 26 years. The matched control group (n = 15) was 89% Caucasian and 74% female, with an average age of 40 ± 10 years. SLE patients (n = 73) were enrolled from the Hopkins Lupus Cohort (25) as part of the Autoimmune Biomarkers Collaborative Network (ABCoN). Overall the SLE group had mild/moderate disease activity on the day of the blood draw (SLE disease activity index range 0-10). Current symptoms/organ involvement included rash (25% of patients), arthritis (30%), renal disease (18%), and hematologic manifestations (18%). Medications included oral prednisone (52% of patients; average 8.8 ± 6.8 mg/day), hydroxychloroquine (63% of patients), and immunosuppressive drugs (37% of patients).
Sample Processing for Microarray Analysis
For RNA isolation, blood was drawn into PAXgene tubes (PreAnalytix, Franklin Lakes, NJ). Total RNA was isolated according to the manufacturer's protocol with on-column DNAse treatment. RNA yield and integrity were assessed using an Agilent Lab-on-a-Chip Bioanalyzer (Agilent Technologies, Inc., Palo Alto, CA). cRNA probes were generated using the MessageAmp cRNA kit (Ambion, Austin, TX) and hybridized to Affymetrix U133 2.0 + GeneChips according to standard Affymetrix protocols (Expression Analysis Technical Manual, Affymetrix, Santa Clara, CA). After scanning the arrays, Expressionist Refiner (GeneData, Basel, Switzerland) was used to generate expression (or "signal") values for each gene using the Affymetrix Microarray Suite 5.0 condenser and scaling the overall intensity of each chip to 1500. All chips passed both the Microarray Suite and Refiner quality control measures.
Microarray Data Analysis
Uncharacterized genes were removed from the dataset before performing the analysis, leaving 38,059 probe sets. Genes identified as differentially expressed between DM and healthy controls met all three of the following criteria: (1) p-value of less than 0.0005 by unpaired t-test, (2) fold-change of at least 1.5 between the mean expression in DM and the mean expression in controls, and (3) absolute difference of at least 200 signal units between the mean expression in DM and the mean expression in controls. A list of 665 unique genes met these filtering criteria. When correction for multiple testing was applied to the entire dataset (38,059 probe sets) using the method of Benjamini and Hochberg (26) , the p-values for these 665 genes remained significant (adjusted P < 0.05). Expression data for these 665 genes are available in Supplementary Table 1 available on the Molecular Medicine Website (www. molmed.org). As an independent method of gene selection, Significance Analysis of Microarrays (SAM) was also applied to the dataset (27) . Of the 665 DM genes identified by our criteria, 87% were also called significant by SAM, which identified a total of 686 differentially expressed genes (δ = 2.35, fold change ≥ 1.5). Hierarchical clustering was performed using Cluster and visualized with Treeview (28) . To improve visualization, each datapoint was transformed prior to clustering into a log 2 ratio relative to the mean expression of normal controls. For identification of the IFN signature, we used a set of 315 genes previously identified as IFN-regulated in control blood cells after 6 h of treatment in vitro with either IFN-α/β or IFN-γ (12). The DM and control expression data for these IFN-regulated genes were subjected to hierarchical clustering. IFN signature scores were calculated using a subset of 43 IFN-regulated genes that were found in both the DM IFN signature and the SLE IFN signature (SLE data unpublished). To calculate IFN scores, the expression data were normalized so that the maximum value of each gene was 1.0. The normalized expression values of the 43 genes were then summed up to obtain the IFN score. Expression data for these 43 genes are available in Supplementary Table 2 available on the Molecular Medicine Website (www.molmed.org).
Serum Protein Measurement
Serum was isolated from blood drawn into serum-separator vacutainer tubes (Becton-Dickinson, Franklin Lakes, NJ). A protease inhibitor (aprotinin, 1μg/mL) was added to each sample, and aliquots were immediately frozen at -80°C. Serum was available from 10 of the 12 DM patients (nine adults and one juvenile) analyzed by microarray. The levels of 12 serum proteins were measured using Protein Multiplex Immunoassays (Biosource, Carlsbad, CA: IP-10, MIG, MCP-2, TNF-RI; R&D Systems, Minneapolis, MN: ENA-78, IL-6, IL-8, I-TAC, MCP-1, MIP-1A, MIP-1B, MMP-7) coupled with Luminex xMAP technology. Samples were run in duplicate, and calibrated recombinant proteins were used to generate standard curves.
RESULTS
Gene Expression Profiles Distinguish DM Patients from Healthy Controls
Peripheral blood gene expression profiling was used to identify molecular fingerprints of patients with adult and juvenile DM. Comparison of whole blood gene expression profiles between DM patients and healthy, matched controls revealed a set of 665 unique transcripts that were found at significantly altered levels in DM (P < 0.0005 by unpaired t-test, average fold change > 1.5, and average difference in expression > 200 units). Hierarchical clustering of these genes clearly distinguished the patients from the controls (Figure 1 ). The majority of the differentially expressed genes were found at lower levels in DM patients. The adult and juvenile patients did not cluster separately from one another.
Functional characterization of genes that were differentially expressed in DM revealed several interesting groups of transcripts (Table 1) . These included a set of immune-related genes, with transcripts encoding several cytokines and receptors. Several immune signaling molecules were down-regulated in DM, including the tyrosine kinase FYN, inducible T-cell co-stimulator ligand (ICOSL), and several MAP kinase family members. NFATC4, a member of the nuclear factors of activated T cells DNAbinding transcription complex, was found at elevated levels in DM blood cells. The inflammatory mediator S100A8 and B cell activating factor TNFSF13B (BAFF) were also up-regulated in DM. Of note, several natural killer (NK) cell receptors were found at decreased levels in DM. These included killer cell immunoglobulin-like receptors (KIRs), which are MHC class I receptors found on NK cells. Another type of NK cell receptor, a killer cell lectin-like receptor (KLRG1), was also down-regulated in patients. Furthermore, several transcripts encoding autoantigens were found at altered levels in DM. Decreased expression of heterogeneous nuclear ribonucleoproteins (hnRNPs) was observed, while genes encoding histones, autoantigens commonly targeted in Sjogren's syndrome and scleroderma (SSSCA1), and the nuclear antigen SP100 were upregulated. Several muscle-related transcripts were also differentially expressed in DM. These include genes encoding myosin and related proteins, desmin, and several collagen subunits.
Many of the genes differentially expressed in DM are involved in oxidative pathways or other mitochondrial functions. Some components of the electron transport chain, such as cytochrome C oxidase and NADH dehydrogenase, were up-regulated in DM, while a subunit of the mitochondrial ATPase (ATP5G2) was down-regulated. Several members of the cytochrome p450 family of oxidative enzymes were found at decreased levels in DM. The antioxidants thioredoxin and peroxiredoxin five were up-regulated in patients, while glutathione peroxidase was down-regulated.
Blood Cells of DM Patients Exhibit an IFN Gene Expression Signature
Despite published reports of IFN pathway activation in DM muscle tissue (5, 7-9), IFN-regulated genes were not prominent among the most differentially expressed transcripts between DM patients and healthy controls. To look for evidence of IFN pathway dysregulation in DM, we examined the expression levels of 315 genes previ- ously identified as type I IFN-regulated (12) . Hierarchical clustering of the expression data for these genes in the patient and control samples revealed that a subset of IFN-regulated genes are indeed up-regulated in the blood cells of most, but not all, DM patients (Figure 2) . Many of these genes also belong to the SLE IFN signature (Figure 2 , green bars). Ten of the twelve patients (nine adults and one juvenile) and one control formed a cluster of samples showing up-regulation of IFN-induced genes. In contrast, two DM patients (one adult and one juvenile) clustered with the majority of healthy controls and did not exhibit up-regulation of these genes. The tight cluster of IFN-regulated transcripts that are up-regulated in most DM patients consisted of 93 genes (Figure 3 ). This set of transcripts is enriched for SLE IFN signature genes (43 of 93 genes). Many classical IFN-induced genes are found in this cluster, including STAT1, a transcription factor responsible for induction of IFN target genes; SOCS1, a negative regulator of the IFN pathway; the myxovirus resistance genes MX1 and MX2; and the oligoadenylate synthetase transcripts OAS1, OAS2, and OAS3. Other notable genes included the Fcγ receptor FCGR1A, the interleukin 1 receptor antagonist (IL1RN), the pro-apoptotic TNFSF10/ TRAIL, and the inflammatory chemokine CXCL10/IP-10.
The DM IFN Signature is Associated with Disease Activity
Because the IFN signature is also observed in SLE and correlates with lupus activity, we first examined whether the degree of up-regulation of IFN signature genes in DM was comparable to what is observed in SLE. An IFN score was derived from the normalized expression levels of 43 transcripts that overlap between the DM and SLE IFN signatures. The IFN score was calculated for both patient groups as well as the healthy controls. Both patient groups exhibited IFN scores that were significantly higher than D 1 3 ( 1 -2 ) 5 9 -6 8 , J A N U A R Y -F Figure 1 . Gene expression patterns distinguish DM patients from normal controls. Shown are expression data from 12 patients and 15 healthy controls (in columns) for 655 genes (in rows) that were differentially expressed between DM and controls. Expression levels are represented as log 2 ratios relative to the mean expression of control subjects according to the color key provided (range of linear fold change depicted is -8 to +8). Juvenile DM patients are marked by *.
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the control group (Figure 4 ; mean ± SD IFN score for controls, 5.0 ± 1.3; myositis, 14.6 ± 9.5, p-value vs. controls = 5.0×10 -3 ; SLE, 11.0 ± 6.4, p-value vs. controls = 1.1×10 -10 ). We found that the IFN signature genes were up-regulated in DM patients at a level equivalent to that seen in SLE patients (Figure 4 ; P = 0.23). When considering only the ten "IFN-positive" DM patients, the average fold-increase in expression of these 43 transcripts relative to controls was 5.3 (range 1.5-to 17-fold).
We next examined the relationship between the IFN signature and DM disease activity. For each patient, the examining rheumatologist assigned a disease activity score (0 = inactive, 1 = mild activity, 2 = high activity), based on muscle strength testing, muscle enzyme elevation, ulcerative skin disease and patient's report of functional assessment. This examiner was blinded to the IFN status of the patients. The highest IFN scores were found in those patients with the highest disease activity ( Figure 5 ). Although the sample size is relatively small, there was a significant difference between the IFN scores of patients with high disease activity (n = 8; average IFN score = 17.2 ± 10.6) and patients with inactive disease (n = 3; average IFN score = 7.9 ± 2.7, P = 0.05 by unpaired t-test). Although there was a trend for positive correlation between the IFN score and disease activity (r = 0.44), the level of correlation trended toward, but did not reach statistical significance (P = 0.06 by random permutation of the dataset).
Individual laboratory indicators of disease were also examined for association with the IFN signature. Although it did not achieve significance, there was a trend of negative correlation between IFN score and lymphocyte count (r = -0.50, P = 0.09). Other trends included positive correlations between IFN score and two aminotransferases, aspartate aminotransferase (AST; r = 0.52, P = 0.06) and alanine aminotransferase (ALT; r = 0.77, P = 0.008). There was a significant positive correlation between the IFN score and oral prednisone dose (r = 0.81, P = 0.006), although high dose intravenous glucocorticoid therapy has been shown to ablate the IFN signature in pediatric SLE patients (13) .
Serum Levels of IFN-Regulated Proteins are Associated with DM Disease Activity
We have previously identified a set of IFN-regulated proteins that are elevated in the serum of lupus patients and whose levels correlate with the IFN gene expression signature (Bauer et al., in press). We examined the levels of these proteins in the serum samples of DM patients and assessed the relationship between indicators of DM disease activity and levels of these IFN-regulated proteins. The levels of several analytes were positively correlated with the myositis IFN gene expression signature, and three analytes exhibited significant correlations with the IFN gene score (MCP-2, IP-10, and I-TAC; r > 0.58, corresponding to P < 0.05 by random permutation). Several IFN-regulated chemokines showed significant correlations with enzyme levels (Table 2 ). In particular, MCP-1/CCL2, MCP-2/CCL8, and IP-10/CXCL10 exhibited significant positive correlations with at least two en- D 1 3 ( 1 -2 ) 5 9 -6 8 , J A N U A R Y -F zymes. In DM patients with the highest degree of disease activity, several IFNregulated proteins were found at elevated levels (Table 2 and Figure 6 ). These include IP-10, which was also found to be elevated at the level of blood cell mRNA (Figure 4) , MCP-1, and MCP-2.
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DISCUSSION
Global gene expression profiling of peripheral blood cells has the potential to reveal clinically useful biomarkers and novel therapeutic targets for human disease. Here we have applied this technology to study transcriptional patterns in the blood of adult and juvenile DM patients, revealing several interesting functional groups of genes that are dysregulated in DM compared with healthy controls. Several immune-related transcripts previously associated with other autoimmune diseases were also implicated here in DM. The inflammatory mediator S100A8, which was increased in DM, is also found at elevated levels in patients with other autoimmune diseases, including psoriatic arthritis (29) , psoriasis (30), rheumatoid arthritis (RA) (31), juvenile idiopathic arthritis (32) , and type 1 diabetes (33) . The B cell activating factor TNFSF13B (BAFF) is up-regulated in several autoimmune diseases, including SLE, Sjogren's syndrome, and RA (see (34) for review), and was similarly upregulated in DM blood cells. Interestingly, several natural killer (NK) cell receptors were found at decreased levels in DM. Killer cell immunoglobulin-like receptors (KIRs) are MHC class I receptors found on natural killer cells. Combinations of HLA and KIR genes have been associated with psoriatic arthritis (35) and type 1 diabetes (36) . Given that HLA genes are known to be associated with DM (2), the KIR genes may also be interesting candidates to study for potential genetic association to DM.
Several muscle-related transcripts, including myosin and related proteins, were differentially expressed in DM blood cells. Interestingly, T cells from juvenile DM patients, but not controls, are stimulated to produce TNF-α in response to epitopes from homologous sequences shared between myosin and a streptococcal protein, suggesting that myosin may be a candidate for immunomodulatory therapy (37) . Another prominent group of transcripts dysregulated in DM included genes involved in mitochondrial and oxidative pathways, suggesting that disruption of oxidative balance may contribute to myositis pathogenesis. Muscle biopsy specimens from patients with DM and other inflammatory myopathies exhibit up-regulation of nitric oxide synthase on muscle fibers, which may promote oxidative stress-mediated muscle fiber damage and necrosis (38) . Disrupted mitochondrial function and oxidative balance are also implicated in abnormal cell death in SLE (39) .
Several important studies have used gene expression profiling to demonstrate IFN pathway activation in muscle tissue of patients with DM (5,7-9), suggesting that the IFN pathway might be a useful marker for disease and may provide new therapeutic targets. However, muscle biopsy is an expensive and invasive procedure that is not routinely performed in the clinic, especially with the evolution of magnetic resonance imaging. An alternative method for assessing the level of IFN pathway activation is desirable for more high-throughput screening and for potential use in the clinic. We demonstrate that IFN pathway activation is detectable by gene expression profiling of peripheral blood cells from adult and juvenile DM patients. The peripheral blood IFN signature is correlated with DM disease activity, and may be a useful tool for monitoring disease status. The levels of several IFN-regulated serum proteins also correlate with DM activity. All together, these data suggest that measurement of transcripts or serum proteins from a routine blood draw may provide a more practical and less invasive means for assessing IFN pathway activation in DM.
Interestingly, the levels of individual IFN-regulated proteins assayed in this study did not always correlate with the levels of the corresponding transcripts. We have observed a similar phenomenon in SLE patients, although the proteinderived IFN score overall remained highly correlated with the IFN gene expression score (Bauer et al., in press). The discordance between individual transcript and protein levels may reflect the short half-life of the mRNAs, or alternatively may indicate that the primary sites of protein production are extra-vascular. In the DM patients, we also noted several positive correlations between IFN-regulated chemokines and enzyme levels, but none with CK. Of the muscle enzymes, CK is the least reliable measure of disease activity, and variations occur in patients (for example, normal CK values with severe weakness and elevated aldolase).
There are some limitations with the current study. First, the number of patients studied is relatively small, although this group of subjects is quite representative of the clinical spectrum in DM. Second, we have not been able to correlate these serum gene signatures with primary muscle tissue signatures. Biopsy material either was not available for these subjects, or was limited in quantity. Further validation of these interesting findings would be best performed in an experiment where both blood cells and muscle are examined together. Finally, we have only studied dermatomyositis in the current study, and the applicability of these findings to polymyositis, or other forms of inflammatory muscle disease (for example, inclusion body myositis) is unknown.
Type I IFN has also been implicated in disease pathogenesis of human SLE (10, 11) . A key aspect of the current model for IFN production in SLE is the triggering of toll-like receptors (TLR7 and 9) in PDCs. PDCs are relatively infrequent in the peripheral blood, but they are found both in the inflamed skin lesions of lupus patients (18, 19) and in the affected muscle tissue of adult and pediatrics DM patients (5) . PDCs produce type I IFN in response to exogenous TLR ligands, such as viral and bacterial nucleic acids or their analogs (40) (41) (42) , as well as endogenous ligands (43, 44) . Circulating, nucleicacid-containing immune complexes are Figure 4 . IFN signature genes are up-regulated in DM patients to the same degree as observed in SLE patients. Shown are IFN scores of controls (n = 15), DM patients (n = 12), and SLE patients (n = 73). Figure 5 . The IFN signature is associated with DM disease activity. Shown are IFN scores for DM patients grouped by disease activity (0 = inactive, 1 = mild activity, 2 = high activity). There were three patients in the inactive group, one patient in the mild activity group, and eight patients in the high activity group. Figure 6 . Levels of IFN-regulated serum proteins are associated with DM disease activity. Shown are the levels of three IFN-regulated proteins measured in the serum of 10 DM patients using Luminex xMAP technology. Patients are classified by disease activity as in Figure 5 .
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